The activities of three enzymes and the concentration of intermediates involved in the synthesis of N,N-dimethyltryptamine (DMT) from endogenous tryptophan (TRP) have been measured in vitro in seedlings of Phalaris aquatica L. cv Australian Commercial over 16 days after planting. The activities of tryptophan decarboxylase and the two N-methyltransferases increased rapidly to maximal rates of substrate conversion at day 5 of 95, 1000, and 2200 micromoles per hour per milliliter, respectively. After these maximal rates, the activities decreased rapidly. The concentration of intermediates increased rapidly from zero in the seeds to maximal values of 25 and 53 micromolar at day 5 for tryptamine (T) and N-methyltryptamine (MT), respectively, 1000 micromolar at day 6 for TRP, and 650 micromolar at day 8 for DMT. The concentration of DMT and of all the intermediates in its synthesis declined rapidly after the maximal value had been reached. A mathematical model of the pathway from TRP to DMT using these enzymes correctly predicts the concentrations of T and MT, intermediates whose concentration is determined only by the pathway, and confirms that these three enzymes are responsible for the in vivo synthesis of DMT. Kinetic studies are reported for these enzymes. Tryptophan decarboxylase uses pyridoxal phosphate (PALP) as a coenzyme and has the following kinetic constants: KF,ALP = 2.5 micromolar, A"? = 200 micromolar, K'r = 5 millimolar, and K5i>T = 4 millimolar. The N-methyltransferases use S-adenosylmethionine (SAM) as substrate; S-adenosylhomocysteine (SAH) is assumed to be the product. The mechanism of secondary indolethylamine-N-methyltransferase, determined by initial velocity studies, is rapid equilibrium random with formation of both dead end complexes. Phalaris spp., notably Phalaris aquatica and Phalaris arundinacea, are major pasture grasses in many parts of the world. Because there are undesirable features associated with these grasses, particularly unpalatability to sheep, which has been linked in P. aquatica to the gramine content (4), a considerable amount is known of the factors involved in alkaloid production. For example, genetic evidence in P. arundinacea indicates that gramine synthesis is independent of DMT' and 5MeODMT formation (11). This is further supported by the finding that the N-methyltransferase activities involved in gramine synthesis are different from those involved in the synthesis of DMT and 5MeODMT (13).
pathway from TRP to DMT using these enzymes correctly predicts the concentrations of T and MT, intermediates whose concentration is determined only by the pathway, and confirms that these three enzymes are responsible for the in vivo synthesis of DMT. Kinetic studies are reported for these enzymes. Tryptophan decarboxylase uses pyridoxal phosphate (PALP) as a coenzyme and has the following kinetic constants: KF,ALP = 2.5 micromolar, A"? = 200 micromolar, K'r = 5 millimolar, and K5i>T = 4 millimolar. The N-methyltransferases use S-adenosylmethionine (SAM) as substrate; S-adenosylhomocysteine (SAH) is assumed to be the product. The mechanism of secondary indolethylamine-N-methyltransferase, determined by initial velocity studies, is rapid equilibrium random with formation of both dead end complexes. Secondary indolethylamine-N-methyltransferase methylates both MT and 5-methoxy-Nmethyltryptamine (5MeOMT). The Phalaris spp., notably Phalaris aquatica and Phalaris arundinacea, are major pasture grasses in many parts of the world. Because there are undesirable features associated with these grasses, particularly unpalatability to sheep, which has been linked in P. aquatica to the gramine content (4), a considerable amount is known of the factors involved in alkaloid production. For example, genetic evidence in P. arundinacea indicates that gramine synthesis is independent of DMT' and 5MeODMT formation (11) . This is further supported by the finding that the N-methyltransferase activities involved in gramine synthesis are different from those involved in the synthesis of DMT and 5MeODMT (13) .
Feeding experiments with P. aquatica have established the biosynthesis and turnover of DMT and 5MeODMT (1) , while the biosynthesis ofgramine has been studied in the closely related reed canary grass, P. arundinacea (9) . Enzymes from P. aquatica that catalyze the in vitro formation of DMT have been partially characterized, namely TDase (2) and the two SAM-dependent N-methyltransferases, PIMase and SIMase (10) , which methylate T and MT, respectively. Because ofthe small number ofenzymes involved, the synthesis of DMT from TRP offers the possibility of completely characterizing an alkaloid-synthesizing system and of testing the hypothesis that the enzymes are responsible for the in vivo synthesis of DMT [I4C]SAM used was assayed for SAH content by chromatography on Whatman 3MM paper using butanol/acetic acid/water (12:3:5) . The nucleosides were detected with Cd-ninhydnn (3) , eluted with methanol, and quantitated by absorbance at 500 nm. The SAM used in the assay contained 0.024% SAH, which, at the highest concentration of SAM used (200 ,uM), gives an SAH 'Abbreviations: DMT, NN-dimethyltryptamine; 5MeODMT, 5- methoxy-N,N-dimethyltryptamine; TDase, tryptophan decarboxylase; SAM, S-adenosylmethionine; PIMase, primary indolethylamine N-methyltransferase; SIMase, secondary indolethylamine N-methyltransferase. T, tryptamine; MT, N-methyltryptamine; TRP, tryptophan; PALP, pyridoxal phosphate; SAH, S-adenosylhomocysteine; wrt, with respect to. h into the tryptamine alkaloids per mL of cell fluid. The reactions were stopped by adding 1 M H3BO3-Na2CO3 (2 mL; pH 10.0), and MT (or DMT) was extracted into toluene scintillant as described previously (10) .
Extraction and Estimation of Tryptamines and TRP. T, MT, DMT, and TRP were extracted from plant material as described previously (14) . T, MT, and DMT were separated and estimated by two-dimensional TLC (14) . This method did not separate TRP from 5-methyoxytryptophan. Accordingly, the extract was evaporated to dryness, dissolved in 1 mL of 0.2 M (wrt Na+) citrate buffer, pH 2.2 (12) , and estimated on a JLC 6AH amino acid analyser (JEOL Co. Ltd, Tokyo) using LCR-2 cation exchange resin on a column (45 cm x 8 mm) at 53°C at a flow rate of0.84 mL/min. Three citrate buffers (12) The trends were the same in each experiment, but there was a variation by up to half a day of the time at which the plumule emerged through the sand. As the maximal activities of the enzymes and the concentrations of intermediates were related to this event, it was felt it would be more appropriate to present the results from a single experiment rather than as SE means. Total Nitrogen Determination. Forty mg of seedlings were digested with 3.0 mL of 18 M H2SO4, 1.5 g of K2SO4, and 0.1 g of HgO at 300°C; NH3 produced was estimated by the phenol/ hypochlorite method (7) .
Estimation of SAM. Five g of seedlings were homogenized with TCA (10%; 15 mL) and were centrifuged at 2000g, and the supernatant was washed with diethyl ether (3 x 15 mL). The extract was made 15 mM wrt to HC1 and then chromatographed as previously described (5) . ,umol/100 seedlings. No free indole compounds could be detected in the dry seeds, and the amount of TRP in the seed proteins was 5 ,umol/100 seeds. The concentration of SAM at d 6, the day at which TRP concentration was maximal, was 30 uM. The earliest time that any of the 3 compounds involved in the synthesis of DMT, namely TRP, T, and MT, could be detected was 3 d after planting (Table I and Fig. 1 ). The concentration of TRP increased rapidly to 1000 Mm in seedlings at d 6 ( Table I) . The plumule emerged through the sand between d 6 and 7. Thereafter, the concentration of TRP decreased steadily. Similarly, the concentrations of T and MT increased rapidly from d 3, the earliest stage at which they could be detected, until d 5, and then they decreased rapidly (Fig. 1) . The maximum concentrations of T and MT were 25 and 53 ,M, respectively. The maximum concentration of DMT was 650 ,M at d 8, thereafter declining quickly.
RESULTS

Changes in Tryptophan and
Activities of TDase, PIMase, and SIMase. None of the enzymes, namely TDase, PIMase, and SIMase, could be detected in P. aquatica before the 3rd d after sowing (Table I) ; they increased rapidly until just before the seedlings emerged from the sand (d 6) and then declined until d 14. The maximum activity of TDase was 95 umol h-'mL-'. The profiles of the changes in concentration of the two N-methyltransferases were similar and decreased at a slower rate than TDase.
The maximum activities for PIMase and SIMase were 1000 Table III , and for the methylation of 5MeOMT by SIMase in Table IV. The inhibition patterns for SIMase are for a rapid equilibrium random bi-bi mechanism with formation of both dead end complexes. The product inhibition plots intersect near the axes. The binding pairs, DMT-MT and SAH-SAM, were good fits to a competitive inhibition mechanism, and, on the assumption that these pairs of ligands bind mutually exclusively, the data were fitted to a Lineweaver-Burk plot constrained to intersect on the 1/v axis. The fits to the graphs for the DMT-SAM and SAH- MT MeOT, a factor of 2.
Mathematical Model for DMT Synthesis. To determine if the synthesis of T, MT, and DMT could be described in terms of the enzymes TDase, PIMase, and SIMase, a model for the synthesis of DMT from TRP was constructed from the data in Table I and the kinetic constants in Scheme I. These constants are derived from the kinetic data in Tables II to IV. Velocities for the three enzymes for the numerical simulation were calculated using the rate equation for the mechanism. The mechanism of SIMase is rapid equilibrium random bi-bi with both dead-end complexes formed. Because of the many similarities between PIMase and SIMase, the mechanism for PIMase was assumed to be the same as the SIMase. For TDase, PALP was assumed to be saturating and the enzyme was treated as a uni-uni enzyme.
Inspection of the experimentally determined concentrations of intermediates T and MT (Fig. 1) shows that their pool size is small compared to the amount of DMT produced and that the rate of change of concentration of these intermediates is small compared to the flux of the pathway. For all practical purposes, all TRP consumed by the pathway appears as DMT, and the concentration of the indolethylamine intermediates is steady state. The worst case approximation occurs on day 4, when the pathway begins to function, when the ratio of the rate of change of concentration to flux is 1:20. The profile of the changes in the concentrations of DMT (Fig. 2, inset) was very similar to that of TRP (Table I) indicating that DMT was being further metabolized and was only present when being produced from TRP.
The behavior of this system was analyzed by numerical methods using the Euler method (6), which gives the exact calculated concentrations for all the intermediates (Figs. 1 and 2) , and, by assuming the concentration of T and MT is small and steady state, deriving approximate analytic equations, which show how the parameters of the model affect its results.
The following information and assumptions were made about reactants that interact with outside pathways and hence are not controlled by the alkaloid pathway:
1. TRP: TRP was determined experimentally (Table I) . Figure 1 show that the ratio calculated/experimental for the concentrations of T and MT is less than a factor of 3, showing the pathway as modelled to be an acceptable fit to the data.
TDase activity is the rate limiting step in the pathway, resulting in bound concentrations of the intermediates T and MT. Rerunning the simulation by increasing only the activity of TDase gave bound concentrations for the intermediates until TDase reached 0.1 to 0.5 times the activity of SIMase, when the concentrations ofT and MT increased without limit. The highest TDase/SIMase ratio found experimentally is 0.05 on d 5 indicating that the pathway is always more than a factor of two inside the requirements for a bound solution for the intermediates. Within the time of the simulation, TDase activity varies over a factor of 350 and TDase/SIMase varies over a factor of 65. These numbers are large compared to the margin of 2 required for maintenance of TDase as the rate limiting step in the pathway, and it is reasonable to suppose that the TDase is rate limiting through selective pressure, rather than coincidence. TRP is close to saturating at the time when the amount of TDase is highest (around day 6) indicating that a change in the pathway to produce unbound concentrations of intermediates would only come from increasing the amount of TDase, rather than increasing the concentration of TRP.
The affinity of DMT for the enzymes is in the order SIMase>PIMase>TDase, decreasing by a factor of about 10 The two criteria for the acceptance of simulation, the ratio of the calculated to experimentally found concentration of the intermediates and that the concentration of intermediates is bound, both show that the model is an acceptable representation ofthe actual DMT synthesizing system. We conclude that TDase, PIMase, and SIMase are the enzymes responsible for the in vivo synthesis of DMT.
